Introduction
============

Attrition in drug discovery projects has been attributed to a lack of efficacy, insufficient mechanistic understanding, and safety issues.[@cit1],[@cit2] Poor target engagement may underlie both efficacy failure and toxicity in clinical trials, due to the need for high doses to meet the desired pharmacological profile.[@cit2] In target validation studies using chemical probes, demonstration of target engagement is critical in building confidence that the observed phenotype is a consequence of modulating the intended target. Hence, target occupancy has been described as one of the four pillars[@cit3] representing a bridge between target and pharmacology, and quantitative cellular target engagement is a key parameter for effective optimization in a drug discovery project. Several techniques have been developed to measure target occupancy in cells, which may involve structural modifications or isotopic labelling of the protein, or the drug, or both.[@cit4],[@cit5] Click chemistry has demonstrated potential for protein enrichment (pull down) experiments with endogenous proteins. By introducing a clickable group on a covalent ligand, bound proteins can be pulled out and protein levels quantified.[@cit6],[@cit7] This technique has been extended to non-covalent ligands by introducing a photo-reactive group in addition to the clickable handle, allowing covalent protein--ligand cross linking upon UV irradiation.[@cit8] The Inverse Electron Demand Diels Alder (IEDDA) has been used only rarely for protein enrichment experiments compared with other bioorthogonal reactions.[@cit9],[@cit10] Nevertheless, this reaction benefits from significant advantages,[@cit11] among which its fast kinetics and quantitative nature make it attractive for chemical biology applications, such as target identification, cellular localisation and target occupancy, using biotinylated and fluorescent reporters, respectively.[@cit7] Recently, a new concept was introduced which allows measurement of target engagement in cells using endogenous protein and untagged inhibitors. The Cellular Thermal Shift Assay (CETSA) relies on the increased protein stability induced by drug binding which, under elevated temperature, translates into a shift in the protein\'s thermal denaturation.[@cit12],[@cit13] When performed at fixed temperature, CETSA can be used to explore the effects of compound concentration on target occupancy in an experiment referred to as isothermal dose--response (ITDR) CETSA. Both CETSA and ITDR-CETSA have been previously employed to determine cellular uptake, cellular availability, and intracellular binding of endogenous target proteins in their native environment[@cit14] but also to elucidate the differences in efficacy observed among inhibitors of the same protein in clinical trials.[@cit13] A wide range of targets have been assessed *via* CETSA illustrating the broad applicability and robustness of the method.[@cit12]

The extracellular signal regulated kinases (ERK) 1/2 form a key signalling node in the MAPK pathway cascade, which is frequently dysregulated in cancer, for example by activating Ras mutations which are present in ∼30% of all human cancers.[@cit15] ERK1/2 are activated by MEK1/2 *via* phosphorylation, resulting in the activation of a number of cytosolic and nuclear substrates leading to cell proliferation and differentiation.[@cit16] Several ERK1/2 inhibitors have been developed and are currently under clinical investigation. Two classes have emerged with distinct pharmacology ([Fig. 1A](#fig1){ref-type="fig"}). ATP-competitive (Type I) ligands such as GDC-0994 [@cit17] and LY3214996 [@cit18] inhibit ERK1/2 enzymatic activity, suppressing phosphorylation of downstream substrates, but concomitantly triggering feedback loops which result in partial re-activation of the RAF-MEK-ERK cascade.[@cit19] On the other hand, the tool inhibitor SCH772984 ([Fig. 1B](#fig1){ref-type="fig"}) not only inhibits the enzymatic activity of ERK1/2 but also prevents its phosphorylation by MEK,[@cit20] possibly resulting from conformational changes to the ERK P-loop as observed in X-ray crystallographic studies.[@cit21]

![(A) Examples of ERK1/2 inhibitors classified in two categories: Type 1 and pERK modulating inhibitors. (B) Co-crystal structure of SCH772984 with ERK2 (pdb:[4QTA](4QTA)).[@cit21] The inhibitor binds to an altered conformation of ERK2 allowing interaction with the Tyr64 side chain. The two sites identified to extend the molecule and insert the TCO tag are highlighted (red arrows). The structural design of the two probes, TCO-SCH and SCH-TCO are shown. (C) Co-crystal structure of GDC-0994 with ERK2 (pdb:; [5K4I](5K4I))[@cit17] showing the vector for the extension of the molecule (red arrow) and structural design of the two probes, TCO-GDC-1 and TCO-GDC-2.](c8sc02754d-f1){#fig1}

Here, we report the design and synthesis of clickable *trans*-cyclooctene (TCO) tagged ERK1/2 probes, which were used to evaluate the target occupancies of published ERK1/2 inhibitors in competition mode. ERK1/2 bound to the TCO probe were combined with tetrazine-modified agarose beads, leading to attachment *via* the IEDDA reaction, and allowing analysis by immunoblotting in which protein levels were quantified by densitometry. We also measured the target occupancies of the same ERK1/2 inhibitors using the cellular thermal shift assay (CETSA) method. Following determination of the melting temperatures of ERK1 and 2, ITDR-CETSA was performed in cells and the levels of ERK1/2 in the soluble fractions were quantified by densitometry from the Western Blot analysis. This parallel evaluation enhanced our understanding of the relative pros and cons of the two techniques, and comparison of the results gave increased confidence in the values generated.

Results and discussion
======================

Design and synthesis of TCO-tagged ERK1/2 probes
------------------------------------------------

Covalent attachment of affinity probes to their target protein *via* a reactive electrophilic warhead or a photo-reactive group[@cit22]--[@cit24] is usually required in pull down experiments in order to prevent dissociation of the probe--protein complex. Both techniques suffer from drawbacks. Probes containing an electrophilic warhead can only be used to target proteins with a suitably located reactive nucleophilic amino acid side chain such as cysteine, and can also react with other cellular proteins that contain this residue. The use of photo-reactive groups such as benzophenone or diazirine is generally associated with low labelling yields due to poor light penetration into cells, and the photo-activated carbenes can be formed and sequestered when not bound to their intended target, leading to high non-specific binding. Other factors such as conformational flexibility can also limit the cross-linking efficiency.[@cit25]

We previously reported the design and synthesis of a TCO tagged covalent probe which exploits the presence of a reactive cysteine residue in the active site.[@cit26] However, to circumvent the limitations described above and have a fair representation of the target occupancy of inhibitors studied in competition mode, we decided to design new non-covalent clickable probes and evaluate their potential to pull down ERK1/2. We designed TCO-tagged analogues of GDC-0994, an ATP-competitive type I ERK1/2 inhibitor, and SCH772984, a phospho-ERK modulating ERK1/2 inhibitor described as a slow off-rate ligand.[@cit21] Based on the co-crystal structure of SCH772984 with ERK2, we identified two sites on the inhibitor which appeared amenable to modifications, extending either from the pyridyl ring which binds close to the hinge region of ERK1/2 (TCO-SCH) or from the pyrimidine ring which interacts with Tyr64 on the C-α helix of ERK1/2 (SCH-TCO) ([Fig. 1B](#fig1){ref-type="fig"}). In each case the length of the linker was designed to position the TCO tag into the solvent, to minimise interference with the binding mode of the inhibitor ([Fig. 1B](#fig1){ref-type="fig"}). Both TCO-SCH and SCH-TCO were synthesised following a convergent route as described in ESI Schemes 1 and 2.[†](#fn1){ref-type="fn"} The co-crystal structure of GDC-0994 with ERK2 suggested only a single vector from which to extend the molecule towards the solvent ([Fig. 1C](#fig1){ref-type="fig"}). As the 2-position of the pyrimidine ring of GDC-0994 showed tolerance towards other groups than pyrazole,[@cit17] we introduced a pyridyl heterocycle in our design, facilitating the introduction of the linker and TCO tag ([Fig. 1C](#fig1){ref-type="fig"}). Linkers containing amide (TCO-GDC-1) or alkyne (TCO-GDC-2) functionality were evaluated due to the limited space available to extend from the ATP pocket without perturbing the interaction of the inhibitor with Lys114. TCO-GDC-1 and TCO-GDC-2 were synthesised following similar routes, as illustrated in ESI Scheme 3.[†](#fn1){ref-type="fn"}

Pharmacological evaluation of the TCO-tagged probes
---------------------------------------------------

All TCO-tagged probes were tested in an ERK2 biochemical assay to assess the effects of linker attachment on inhibitory potency. Both inhibitors bearing an amide group on the pyridyl ring close to the hinge region of ERK1/2 (TCO-SCH and TCO-GDC-1) suffered a significant loss in potency compared with their parent inhibitors (*ca.* 20-fold and 8-fold respectively, [Table 1](#tab1){ref-type="table"}). This was attributed to a steric clash between the protein and the carbonyl group of the amide linker, confirmed in the co-crystal structure of TCO-SCH with ERK2 ([Fig. 2A and B](#fig2){ref-type="fig"}). The alkyne containing analogue TCO-GDC-2 exhibited good activity against ERK2 with only a 2-3-fold decrease in potency (IC~50~ = 0.008 μM, [Table 1](#tab1){ref-type="table"}) compared with GDC-0994 (IC~50~ = 0.0037 μM, [Table 1](#tab1){ref-type="table"}). The co-crystal structure of TCO-GDC-2 and ERK2 confirmed the suitability of the more slender alkyne moiety as a linker to pass through the narrow channel from the ATP binding site to solvent ([Fig. 3B](#fig3){ref-type="fig"}). Attachment of the linker to the pyrimidine ring of SCH772984 (SCH-TCO) was well tolerated, showing only a modest drop off compared with the untagged SCH772984 (IC~50~ = 0.0053 and 0.0013 μM respectively, [Table 1](#tab1){ref-type="table"}).

###### Biological evaluations of the tool compounds[^*a*^](#tab1fna){ref-type="fn"}

  Compounds                  Bioassay IC~50~ (μM)   Anti-proliferative IC~50~ (μM)   
  -------------------------- ---------------------- -------------------------------- -------------
  SCH772984                  0.0013 (2)             0.037 (\>10)                     0.05 (\>10)
  TCO-SCH                    0.022 (2)              ---                              ---
  SCH-TCO                    0.0053 (2)             0.060 (2)                        0.10 (2)
  Biotin clicked SCH-TCO     45% @ 0.003 μM (2)     ---                              ---
  GDC-0994                   0.0037 (2)             0.13 (9)                         1.00 (8)
  TCO-GDC-1                  0.028 (2)              ---                              ---
  TCO-GDC-2                  0.008 (3)              0.93 (2)                         1.00 (2)
  Biotin-clicked TCO-GDC-2   0.009 (2)              ---                              ---
  Biotin-PEG4-Tz             8.1 (2)                ---                              ---
  LY3214996                  62% @ 0.003 μM (2)     0.35 (9)                         0.48 (3)

^*a*^Geometric means.

![(A) Co-crystal structure of TCO-SCH with ERK2 (pdb:[6GJD](6GJD)). The binding mode of the inhibitor core was conserved compared with the unmodified inhibitor SCH772984. (B) The amide linker of TCO-SCH likely encountering a steric clash with the protein is highlighted. (C) Co-crystal structure of TCO-GDC-2 with ERK2 (pdb:; [6GJB](6GJB)). The more slender alkyne linker provides a suitable vector to position the TCO tag in the solvent with a minimal steric clash with the protein.](c8sc02754d-f2){#fig2}

![(A) Immunoblot analysis of ERK1/2 from the pulled down fractions obtained after competition experiments between SCH-TCO and a range of concentrations of selected ERK1/2 inhibitors in HCT116 cells. (B) Graphs showing the target occupancies of LY3214996, GDC-0994 and SCH772984 determined in competition mode with SCH-TCO in HCT116 cells.](c8sc02754d-f3){#fig3}

Based on these initial results, SCH-TCO and TCO-GDC-2 were selected for further investigation. The TCO probes were reacted with a tetrazine containing biotin conjugate (biotin-PEG4-Tz, ESI Fig. 1 and 2[†](#fn1){ref-type="fn"}) and the resulting clicked products were evaluated in the ERK2 bioassay. As expected, the clicked products exhibited similar potencies to their corresponding TCO precursors, demonstrating that the click derivatisation of the probes did not significantly interfere with their binding to ERK2. We also confirmed that biotin-PEG4-tetrazine does not appreciably inhibit ERK2 ([Table 1](#tab1){ref-type="table"}). Next, the cellular activities of SCH-TCO and TCO-GDC-2 were evaluated in antiproliferative assays using A375 BRAF^V600E^ mutant melanoma and HCT116 KRAS mutant colorectal cells. SCH-TCO showed good retention of cellular potency in both cell lines compared with its parent compound SCH772984 ([Table 1](#tab1){ref-type="table"}). TCO-GDC-2 suffered a more significant drop-off in cellular IC~50~ values compared with its parent GDC-0994, consistent with the biochemical assay results. These data highlighted the importance of designing more than one probe in order to identify the position on the molecule which best tolerates modifications and select the probe which demonstrates the closest biological profile to its parent inhibitor, particularly for inhibitors which are somewhat enclosed when binding to their target protein.

Target engagement of ERK1/2 inhibitors using chemical probes
------------------------------------------------------------

We first investigated the potential of the two selected chemical probes, SCH-TCO and TCO-GDC-2, to pull down ERK1/2 from cell lysates. The assays being conducted in competition mode, we systematically varied the probe concentration as well as its incubation time, as both parameters need to be tuned to allow the probe to engage all (or most) of the ERK without competing off the test inhibitor. HCT116 cell lysates were incubated with SCH-TCO at different concentrations followed by incubation with pre-coupled Tz-beads (prepared from streptavidin agarose beads and biotin-PEG4-Tz). The quantities of ERK1/2 pulled down were analysed by immunoblotting and were found to increase with probe concentrations (ESI Fig. 3A[†](#fn1){ref-type="fn"}). Similar levels of proteins were observed at 10, 3 and 1 μM for SCH-TCO suggesting that the majority of ERK1/2 protein was being pulled down across this concentration range. We then varied the incubation time of SCH-TCO at fixed concentrations (3 and 1 μM) with cell lysates. After 30 min incubation, the detection signal was found to be optimal (ESI Fig. 3B[†](#fn1){ref-type="fn"}). As such, 1 μM for 30 min was found to give an optimal compromise for SCH-TCO.

Following the same procedures, the ability of TCO-GDC-2 to pull down ERK1/2 was studied in HCT116 lysates. TCO-GDC-2 showed a weaker ability to retrieve ERK1/2 than SCH-TCO, with incomplete pull-down observed at 1 μM after 30 min incubation (ESI Fig. 3C[†](#fn1){ref-type="fn"}). However, we considered that using a higher concentration of TCO probe during the competition experiment would overly compete with the inhibitor for ERK1/2 binding, and the results obtained would not be representative of the real target engagement of the inhibitor studied. We therefore used the same concentration and incubation time for TCO-GDC-2 as for SCH-TCO in the following target engagement experiments.

These preliminary pull-down studies showed that SCH-TCO offered more robust binding to ERK1/2 compared with TCO-GDC-2. Using SPR experiments with ERK2, we observed slow off-rate kinetics and high binding affinity for SCH-TCO (*t*~1/2~ = 233 min, *K*~D~ = 0.17 nM), while TCO-GDC-2 showed relatively fast dissociation (*t*~1/2~ = 4 min, *K*~D~ = 46 nM) (ESI Fig. 4[†](#fn1){ref-type="fn"}). The slow off-rate kinetics observed for SCH-TCO are consistent with published data for the untagged compound SCH772984 (*t*~1/2~ = 25--80 min),[@cit21] and are likely to favourably retard the dissociation of the probe/protein complex during the pull-down step. To further explore the potential of these non-covalent probes in pull-down experiments, the target occupancies of LY3214996, GDC-0994 and SCH772984 were assessed in A375 and HCT116 cell lysates, through competition with SCH-TCO or GTCO-GDC-2. Typically, cell lysates were incubated with the ERK1/2 inhibitor at different concentrations (1 h) followed by incubation with the probe (30 min), then Tz-beads (30 min), followed by filtration to separate the proteins retained by the beads from the rest of the lysates. Bound fractions were visualised by immunoblotting, alongside unbound fractions for control. The levels of ERK1/2 in the pulled down fractions (bound fractions) were inversely proportional to the test inhibitor concentration: the more inhibitor present in the incubation, the less ERK1/2 was available for binding to SCH-TCO. The levels of ERK1/2 in the unbound fractions, representing ERK1/2 bound to the test inhibitor, increased with the inhibitor concentration (ESI Fig. 5A[†](#fn1){ref-type="fn"}). The intensities of the bands from the immunoblots of the bound fractions were quantified by densitometry. The data were then plotted against the inhibitor concentration and EC~50~ values (concentration required to achieve 50% target engagement) were determined. At high compound concentration, residual signal was observed, attributed to unspecific binding of ERK1/2 protein to agarose beads. From these first experiments, similar EC~50~ values were obtained in both A375 and HCT116 cell lysates for SCH772984 and LY3214996 (ESI Fig. 5B and C[†](#fn1){ref-type="fn"}). A 2-3-fold difference was observed between the results obtained in A375 and HCT116 lysates for GDC-0994 (ESI Fig. 5B and C[†](#fn1){ref-type="fn"}). Overall, all compounds appeared to engage either ERK1 or 2 to a similar extent, consistent with the high homology for these two ERK isoforms.

We then investigated the target engagement of GDC-0994 and LY3214996 in HCT116 lysates by using TCO-GDC-2 which should offer an easier competition setting than SCH-TCO. The experiments revealed a ∼2-fold difference between the EC~50~ values observed for GDC-0994 and LY3214996 in competition with TCO-GDC-2 as compared with SCH-TCO (ESI Fig. 6[†](#fn1){ref-type="fn"}).

To study target engagement in competitive mode in intact cells, we prioritized SCH-TCO as the probe most likely to show sufficiently tight binding to ERK1/2 to survive the cell lysis step. We started by evaluating the ability of SCH-TCO to bind to ERK1/2 in HCT116 cells and pull down the proteins after lysis. The experiment showed that 15 min incubation at 1 μM followed by cell lysis was enough for a good signal by immunoblotting (ESI Fig. 7[†](#fn1){ref-type="fn"}). We then proceeded with the competition experiments, where typically the cells were treated with the test ERK1/2 inhibitor at a range of concentrations for 1 h, followed by the probe (1 μM) for 15 min. Following cell lysis, the lysates were treated as previously described to generate concentration--occupancy curves and allow calculation of target engagement EC~50~ values ([Fig. 3](#fig3){ref-type="fig"}, [Table 2](#tab2){ref-type="table"}). In this setting, SCH772984 showed EC~50~ values of 16 and 11 nM against ERK1 and 2 respectively, in keeping with its potent growth inhibitory IC~50~ of 50 nM. GDC-0994 and LY3214996 showed weaker target engagement EC~50~s, again in keeping with their weaker growth inhibitory values of 1.0 and 0.48 μM respectively. Repeating the competition experiment with a longer incubation time of 90 min did not significantly change the EC~50~ values (ESI Fig. 8[†](#fn1){ref-type="fn"}).

###### Summary of the target engagement data for the three studied ERK inhibitors in HCT116 cells, as determined by three orthogonal approaches[^*a*^](#tab2fna){ref-type="fn"}

  Inhibitors   Anti-proliferative IC~50~ (μM)   Pull down[^*b*^](#tab2fnb){ref-type="table-fn"} -- EC~50~ (μM)   CETSA[^*c*^](#tab2fnc){ref-type="table-fn"} -- EC~50~ (μM)   Pharmacodynamic IC~50~[^*d*^](#tab2fnd){ref-type="table-fn"} (pRSK, μM)               
  ------------ -------------------------------- ---------------------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------------------- ----------- -----------
  SCH772984    0.05 (\>10)                      0.016 (2)                                                        0.011 (2)                                                    0.063(3)                                                                  0.015 (3)   0.009 (3)
  GDC-0994     1.00 (8)                         0.7 (2)                                                          0.24 (2)                                                     0.58 (3)                                                                  0.61 (3)    0.14 (2)
  LY3214996    0.48 (3)                         0.67 (2)                                                         0.77 (2)                                                     0.30 (3)                                                                  0.33 (3)    ---

^*a*^Geometric means.

^*b*^In HCT116 cells with SCH-TCO.

^*c*^In HCT116 cells.

^*d*^In HCT116 cells with 2 h drug treatment.

In this work, we used X-ray crystallography to design a non-covalent clickable probe which efficiently pulled down drug-free ERK1/2 proteins, allowing the measurement of competitive target engagement of selected ERK1/2 inhibitors. Under competition conditions, inhibitor target occupancies are relative measurements which depend on the avidity and other properties of the probe used, making the selection and characterization of the probe of key importance. Here, the preliminary work conducted in cell lysates with both TCO-GDC-2 and SCH-TCO confirmed the importance of the kinetic profile of the probe. The slow off-rate kinetics of SCH-TCO engendered a robust probe-protein interaction, capable of mimicking a covalent probe in the pull-down process. This translated well to whole cell experiments, in which SCH-TCO was successfully used to quantify target engagement for the three selected ERK1/2 inhibitors, giving EC~50~ values which agree well with the other intact cell methods described herein ([Table 3](#tab3){ref-type="table"}). Differences between the EC~50~ values obtained in lysates and in cells for LY3214996 and GDC-0994 might be ascribed to partial dissociation of the ERKi/ERK complex during the cell lysis step (ESI Fig. 9[†](#fn1){ref-type="fn"}) but also to incomplete cell permeation of the two drugs.

###### Pharmacodynamic response (IC~50~) to the three selected ERK1/2 inhibitors as determined by effects on pRSK levels in HCT116 or A375 cells[^*a*^](#tab3fna){ref-type="fn"}

                    Pharmacodynamic IC~50~ (pRSK, μM)                                                              
  ----------------- ----------------------------------- ----------------------------------------------- ---------- ----------
  Cell type         HCT116                              A375                                                       
  Incubation time   2 h                                 7 h                                             2 h        7 h
  GDC-0994          0.14 (2)                            0.11 (2)                                        0.17 (2)   0.13 (2)
  LY3214996         ---                                 2.1[^*b*^](#tab3fnb){ref-type="table-fn"} (1)              
  SCH772984         0.009 (3)                           0.006 (3)                                       0.02 (3)   0.02 (3)

^*a*^Geometric means.

^*b*^4 h incubation.

The use of the TCO-GDC-2 probe resulted in apparently exaggerated EC~50~s values in the low nanomolar range for the two weaker inhibitors LY3214996 and GDC-0994, which could be explained by their increased ability to displace the less avid probe, but also the more facile dissociation of the ERK/TCO-GDC-2 complex during the pull-down process: with less ERK being pulled down, higher apparent target occupancy was achieved by the test inhibitors (ESI Fig. 10[†](#fn1){ref-type="fn"}).

Target engagement of ERK1/2 inhibitors using CETSA
--------------------------------------------------

Following our studies using the pull-down method, we investigated the potential of CETSA to quantify the target occupancies of GDC-0994, LY3214996 and SCH772984, to allow comparison of the data generated by the two methods. CETSA is a broadly applicable biophysical technique allowing detection of changes in ligand/drug binding interactions directly in intact cells, tissues or lysates. The technique is based on the thermal shift assay (TSA) concept where ligand binding affects protein stability. When a protein binds to a ligand, the melting temperature (*T*~m~) is typically shifted to a higher temperature, producing a thermal shift (Δ*T*~m~). CETSA represents a novel, label-free strategy for the direct determination of drug binding and offers an easy and fast approach for the assessment of target engagement. With CETSA relying on thermal stabilization of the protein upon ligand binding, it is crucial to identify the melting temperature (*T*~m~) at which the stabilization will be best observed. We first looked at the denaturation pattern of ERK1/2 by measuring the protein stability in lysates and in intact cells. Following a heating step, which caused protein unfolding and therefore precipitation, the remaining soluble fractions (*i.e.* folded proteins) were isolated and analyzed by immunoblotting. The levels of ERK1/2 were quantified by densitometry and subsequently plotted against the temperature, providing the CETSA melting curves. In CETSA experiments in lysates, ERK1 and 2 exhibited different thermal stability profiles with ERK2 being more stable (*T*~m~ = 58--60 °C) than ERK1 (*T*~m~ = 51--53 °C) in both lysates and cells (ESI Fig. 11[†](#fn1){ref-type="fn"} (DMSO)). While the melting profiles of ERK2 were similar in both lysates and cells, ERK1 appeared to be less thermally stable in cells (ESI Fig. 11[†](#fn1){ref-type="fn"}). Distinct thermal stability profiles were observed for ERK1 and ERK2, and consequently each isoform was studied separately.

The same CETSA experiments were conducted with HCT116 cells pre-treated with ERK1/2 inhibitors (10 μM, 1 h) in order to confirm ligand binding. Treatment with SCH772984, GDC-0994 and LY3214996 led to a temperature shift in the melting curves relative to DMSO control, validating the binding interaction between the inhibitors and ERK1/2 both in cells and lysates (ESI Fig. 11[†](#fn1){ref-type="fn"}). Similar affinity trend for ERK1 and 2 was observed for all inhibitors, with SCH772984 being the most potent ligand, followed by LY3214996 and GDC-0994; results in accordance with the enzymatic data (IC~50~ data, [Table 1](#tab1){ref-type="table"}).

After demonstrating the potential of CETSA to monitor the direct target binding of ERK inhibitors in both lysates and cells, we used a dose--response measurement assay (ITDR-CETSA) to assess the target occupancy of each ligand. ITDR-CETSA is performed at a fixed temperature, usually the melting temperature at which protein stabilization upon ligand binding will be best observed. The EC~50~ determination from ITDR-CETSA measurements has a softness in the response depending on the temperature used for the isotherm and is typically used as a relative measurement and upper estimate for EC~50~.[@cit12] The lowest temperature allowing significant protein level measurement is expected to give the best EC~50~ estimates.

We first studied the target engagement of the three ERK1/2 inhibitors in HCT116 lysates for ERK1 and ERK2 separately since the two proteins unfold at different temperature. HCT116 lysates were incubated at their respective *T*~m~ with the selected inhibitor (0--100 μM) for 15 min followed by heat challenge for 3 min (*T*~m~ = 53 °C (ERK1) and 57 °C (ERK2)), centrifugation to isolate the soluble protein fractions, and immunoblot analysis. The protein levels were quantified by densitometry and the data were plotted against the inhibitor concentration (ESI Fig. 12[†](#fn1){ref-type="fn"}). As expected from the CETSA melting curves, SCH772984 showed the strongest target occupancy.

The same ITDR-CETSA experiments were performed in HCT116 cells which were treated with the inhibitors at concentrations ranging from 0 to 50 μM. The melting temperatures were adjusted based on the previous CETSA analysis (*T*~m~ = 52 °C (ERK1) and 58 °C (ERK2)). The results showed similar engagement by GDC-0994 and LY3214996 with both ERK1 and ERK2; while a 4-fold difference was observed between the engagement of ERK1 and ERK2 by SCH772984, with apparently higher affinity for ERK2 ([Fig. 4](#fig4){ref-type="fig"}, [Table 2](#tab2){ref-type="table"}). A similar scenario, in which SCH772984 shows preferential binding to ERK2, was also seen in the lysate CETSA experiment (ESI Fig. 12[†](#fn1){ref-type="fn"}).

![In-cell ERK1 and ERK2 occupancies of SCH772984, GDC-0994 and LY3214996 determined by ITDR-CETSA. HCT116 cells in suspension were treated with the appropriate ERK inhibitor for 1 h at 37 °C followed by heating at either +52° or +58 °C for 3 min.](c8sc02754d-f4){#fig4}

As a reference for target engagement using our new probes, CETSA was performed to evaluate the target occupancy of the selected ERKi both in lysates and in cells. The EC~50~ values measured in HCT116 cells for the three ERK inhibitors using the CETSA technique correlated well with those measured with the pull-down approach ([Table 2](#tab2){ref-type="table"}). The ERK1/2 target engagement EC~50~ values obtained for SCH772984 and GDC-0994 are broadly similar to their respective pRSK IC~50~ values and lower than their anti-proliferative IC~50~ values, consistent with the notion that more than 50% of ERK needs to be occupied and inhibited to observe a 50% reduction in proliferation ([Table 2](#tab2){ref-type="table"}). The target engagement EC~50~ values for LY3214996 are similar to those obtained for GDC-0994, as is its anti-proliferative IC~50~ value; however, in our hands this compound failed to show convincing suppression of pRSK in HCT116 cells, preventing a correlation of the target engagement and pharmacodynamic response.

As observed for the competitive displacement method, some differences were found between the EC~50~ values obtained in lysates and in cells, largely attributed to the dilution of important cofactors or protein partners in lysates, known to influence target engagement.

Indirect target engagement *via* PD response: phosphorylation of pRSK
---------------------------------------------------------------------

Target engagement is commonly assessed indirectly as a pharmacodynamic response, in the case of a kinase by measuring the level of phosphorylation of a downstream substrate. RSK is a downstream substrate of ERK1/2 and the cellular phospho-RSK level has been commonly used as a biomarker to assess the target engagement of inhibitors. The concentration of inhibitor required to inhibit 50% of RSK phosphorylation (pRSK IC~50~) was determined for GDC-0994, LY3214996 and SCH772984 in HCT116 and A375 cells at different time points ([Table 3](#tab3){ref-type="table"}). For GDC-0994 and SCH772984, similar pRSK IC~50~ values were obtained at either time point (2 or 7 h), demonstrating rapid target engagement in both cell lines. Surprisingly, LY3214996 showed a rather weak pharmacodynamic effect on pRSK, despite showing similar enzymatic and anti-proliferative IC~50~s to GDC-0994 ([Table 1](#tab1){ref-type="table"}).

Conclusion
==========

Lack of efficacy, insufficient mechanistic understanding and safety issues are the three major reasons for attrition of drug development projects. Ensuring that a drug engages with its target is critical for a project\'s survival. Here we developed a new probe for quantitation of ERK1/2 inhibitor target engagement, and compared it to CETSA.

While in the CETSA technique the protein stability is measured in the lysate or cell, the protein enrichment (pull-down) approach is a direct quantification of the level of unbound protein. A particular benefit of CETSA is that it allows direct measurement of the interaction between native protein and test inhibitors, regardless of their binding kinetics, and no target specific probes need to be developed. The observed target occupancy tends to be an upper estimate, but relative affects can be assessed for each target.

The protein enrichment approach is a straightforward and cost-efficient method. The use of the IEDDA in protein enrichment experiments has previously been demonstrated[@cit7] and was further validated in this work. Its fast reaction kinetics and quantitative yields as well as its practicality (no additional reagents) make this cycloaddition a bio-orthogonal reaction of choice for pull-down experiments. However, this approach requires the design and synthesis of chemical tools to be used in competition setting, which may perturb the real target engagement, depending on the kinetics of binding of the studied inhibitors.

Given the different advantages and drawbacks of our protein enrichment approach and CETSA, we evaluated them in parallel to increase confidence in the results. The target engagement of GDC-0994, LY3214996 and SCH772984 were quantified using both methods. Although, as expected, there were some quantitative differences, the EC~50~ values determined from the experiments conducted with SCH-TCO in cells and those obtained with CETSA both showed a clear difference in the target engagement of SCH772984 compared with GDC-0994 and LY3214996, consistent with its higher potency in biochemical and functional cellular assays. With this study, SCH-TCO was validated as a valuable tool compound for the study of target occupancy of ERK1/2 inhibitors.

Previously, the use of chemical probes in protein enrichment assays has required inclusion of a covalent warhead to ensure efficient pull down of the chosen protein. However, developing a chemical probe with a covalent warhead can be challenging; while the addition of a photoreactive group may perturb the physico-chemical properties of the probe, impairing cell permeability and solubility, and the low yield of photo-crosslinking can render the analysis challenging due to low concentration of protein pulled down. Here, we show that a reversible probe with a relatively slow off-rate (*t*~1/2~ ∼4 h) allows efficient protein pull-down, mimicking the avidity of an electrophilic covalent probe but avoiding the requirement for a reactive amino acid residue (such as cysteine) in the target protein and issues of electrophile reactivity. Interestingly, probes with slow dissociation kinetics (up to 1 h) were recently described in competitive target engagement studies against MDM2 using fluorescence imaging.[@cit27]

Since most drug discovery projects necessarily develop non-covalent ligands, we envision that clickable slow off-rate probes might provide a widely applicable complementary approach to covalent tagging for chemical biology studies, including competitive target engagement and protein pull-down.

Materials and methods
=====================

Materials
---------

A375 and HCT116 cells were purchased from American Type Culture Collection, Teddington, UK. The high capacity streptavidin agarose beads (20 359) and the centrifuge columns (89 868) were purchased from ThermoScientific. Biotin-PEG4-tetrazine was bought from Conju-Probe. The ERK1/2 antibody was bought from Cell Signaling Technology (9102S).

ERK2 bioassay
-------------

Activity of ERK2 enzyme (Life Technologies) was determined using a time-resolved fluorescence format measuring the phosphorylation of a truncated version of activating transcription factor 2 labelled with green fluorescent protein (ATF2-GFP) (Life Technologies). Assay reactions containing 50 mM Tris pH 7.5, 10 mM MgCl~2~, 1 mM EGTA, 0.01% Triton X-100, 1 mM DTT, 2.5% DMSO, 0.4 μM ATF2-GFP, 20 μM ATP and 0.25 nM ERK2 were set up in the presence of Tz-thalidomide and allowed to proceed for 30 min at room temperature. Reactions were then stopped using TR-FRET dilution buffer (Life Technologies), 25 mM EDTA and 2 nM Tb-Anti-pATF2 (Thr71) (Life Technologies). After a further incubation period of at least 30 minutes, fluorescence was read on a Pherastar reader (Lanthascreen optic module; excitation 340 nm, emission 520 nm (channel A), 495 nm (channel B)). The ratio between A and B counts was used to calculate signal. IC~50~ values were calculated using a sigmoidal dose--response equation (Prism GraphPad software, La Jolla, CA, USA).

Cell culture
------------

A375 and HCT116 cells (purchased from ATCC) were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% FBS (Gibco, Life Technologies) and were grown at 37 °C with 5% CO~2~.

Cell proliferation assay
------------------------

Cell proliferation assays were carried out using Alamar Blue (ThermoFisher Scientific, Waltham, Massachusetts, USA) as described previously.[@cit28] Briefly, 5 × 10^3^ cells were seeded in complete culture medium into flat-bottomed 96-well plates, one day before the drug treatment. Cells were incubated with compound in 0.1% (v/v) dimethyl sulfoxide (DMSO) for 96 hours before viability was assessed using Alamar blue. IC~50~ values were calculated using a sigmoidal dose--response equation (Prism GraphPad software, La Jolla, CA, USA).

Preparation of cell lysates
---------------------------

A375 and HCT116 cells were lysed with lysis buffer (TG lysis buffer supplemented with cOmplete EDTA-free protease inhibitor cocktail (Roche)) and kept on ice for 20 min. The cell lysates were centrifuged at 14 000 rpm for 10 min at 4 °C and the protein concentration was determined by a Pierce™ BCA Protein Assay Kit. The concentrations were adjusted to 1.5 mg mL^--1^.

Coupling of streptavidin beads with biotin-PEG4-tetrazine
---------------------------------------------------------

The beads (400 μL of 50% slurry) were first washed twice with 200 μL of lysis buffer. The beads were then re-suspended in 200 μL of lysis buffer and 10 μL of Biotin-PEG4-tetrazine (from a 30 mM stock solution in DMSO) were added. The suspension was incubated on ice for 30 min with shaking. The suspension was then centrifuged (using centrifuge columns) at 1200 rpm for 1 min and washed twice with lysis buffer (2 × 200 μL, 1200 rpm, 1 min). The Tz-beads were re-suspended in 800 μL of lysis buffer to give a 25% slurry.

In-lysate ERK1/2 pull down
--------------------------

The lysates (120 μL) were incubated with the appropriate inhibitor (1.2 μL from a 100× DMSO stock solution for a final concentration ranging from 1 nM to 10 μM) for 1 h on ice with shaking. The TCO probe (1.2 μL from a 100× DMSO stock solution for a final concentration of 1 μM) was then added and the lysates were incubated for 30 min on ice with shaking. In parallel, 60 μL of Tz-beads (25% slurry) were added to centrifuge columns, the suspension was centrifuged (1200 rpm, 1 min) and the buffer was removed. The Tz-beads were then incubated with the lysates on ice for 30 min with shaking (60 μL of 25% slurry for 120 μL of lysates). The suspensions were then transferred into centrifuge columns and centrifuged (1200 rpm, 1 min). The unbound fractions were kept and the beads were washed twice with 100 μL of lysis buffer. 60 μL of elution buffer (2× LDS sample buffer) were added to each columns which were incubated for 30 min at room temperature. The columns were then centrifuged (5000 rpm, 1 min) and the elution fractions were collected. Samples were separated on 4--12% NuPAGE gels (Life Technologies) and transferred onto a nitrocellulose membrane (Novex). The membrane was blocked in blocking buffer (Odyssey) at r.t. for 1 hour and subjected to immunodetection using a total ERK1/2 primary antibody (p44/42 MAPK ERK1/2, Cell Signaling Technologies®, 1 : 1000) in blocking buffer, at 4 °C overnight (or alternatively, at room temperature for 1 hour). After washing 3× with a Tris-buffered saline (TBS) with 0.1% Tween-20 solution (TBST), the membrane was incubated with fluorescently labelled secondary antibody (IRDye800CW Donkey Anti-Rabbit, 1 : 10 000 and IRDye680RD Donkey Anti-Mouse, 1 : 10 000) for 1 hour at r.t. in the dark. After washing 2× with a TBS solution, the membrane was imaged on an Li-Cor Biosciences Odyssey system in the 800 nm and 700 nm channels. The intensities of the bands observed were determined by densitometry using the Odyssey software and were used to calculate target engagement. EC~50~ values were calculated using a sigmoidal dose--response equation (Prism GraphPad software, La Jolla, CA, USA).

In-cell ERK1/2 pull down
------------------------

HCT116 cells were seeded in 6-well plates at 4.0 × 10^5^ cells per mL with 2 mL per well and allowed to attach overnight. The appropriate inhibitor was added from a 1000× stock solution in DMSO (2 μL for a final concentration ranging from 1 nM to 10 μM) and the cells were incubated at 37 °C in an atmosphere of 5% CO~2~ and air for 1 h. Then the TCO probe was added from a 1000× stock solution in DMSO (2 μL for a 1 μM final concentration) and the cells were incubated at 37 °C in an atmosphere of 5% CO~2~ and air for 15 min. The media was removed, the cells were washed with PBS (2 mL per well) and lysed with TG lysis buffer supplemented with cOmplete EDTA-free protease inhibitor cocktail (Roche) (120 μL per well) for 20 min on ice. The lysates were centrifuged (14 000 rpm, 5 min, 4 °C) and the protein concentration was determined by a Pierce™ BCA Protein Assay Kit. Samples were normalised to 1.5 mg mL^--1^ and treated with Tz-beads following the procedure described above.

CETSA melting curves
--------------------

In order to identify ERK1/2 melt temperature (*T*~m~) for dose--response studies, HCT116 cells were harvested, re-suspended in McCoy\'s 5A Modified Media (Sigma Aldrich) at a concentration of 3 × 10^6^ cells per mL and aliquoted into PCR strip tubes (99 μL per tube). Cells suspensions were incubated with either DMSO or the selected inhibitor (10 μM) at 37 °C for 1 hour. Following drug treatment, the cells were heated at 12 different temperatures in Applied Biosystems Verti 96 well Thermal Cycler (37--70 °C gradient) for 3 minutes. Then a cOmplete EDTA-free protease inhibitor cocktail (Roche) was added and the cells were lysed by 3 freeze--thaw cycles in liquid nitrogen. The soluble protein fractions were obtained by centrifugation of lysates for 20 min at 20 000*g*. The supernatants were analysed by immunoblotting using a total ERK1/2 primary antibody (p44/42 MAPK ERK1/2, Cell Signaling Technologies®, 1 : 1000) in 5% milk solution, at 4 °C overnight. The membrane was afterwards incubated with an anti-Rabbit IgG HPR Conjugated (Promega, W401B, 1 : 10 000) for 1 hour at r.t. The amount of proteins was determined by densitometry using the Image Lab™ Software (Bio-Rad) and used for melting curves plotting. For the lysate experiments, the HCT116 cells were lysed as described above using TG lysis buffer. The lysates were then incubated with 10 μM of the selected inhibitor for 15 min at RT with mild shaking. Same protocol for heating and analysis was applied.

Isothermal dose--response (ITDR) CETSA in HCT116 cells and lysate
-----------------------------------------------------------------

For in-cell experiments, the HCT116 cells were harvested, re-suspended in McCoy\'s 5A Modified Media (Sigma Aldrich) at a concentration of 3 × 10^6^ cells per mL, aliquoted in PCR strip tubes (99 μL per tube). Cells in suspension were treated with 12 concentrations of ERK inhibitors from 0 to 50 μM, at 37 °C for 1 hour. The inhibitors were diluted in DMSO prior to addition to cells, and DMSO concentration was kept at 1% for all treatments. Treated cells were heated at +52 °C or +58 °C for 3 min. Cells were lysed by 3 freeze/thaw cycles using liquid nitrogen. Samples were centrifuged for 20 min at 20 000*g* and were analysed by Western Blot as described above. The amount of proteins was determined by densitometry using the Image Lab™ Software (Bio-Rad) and was used to assess target engagement. EC~50~ values were calculated using a sigmoidal dose--response equation (Prism GraphPad software). For the ITDR-CETSA lysate experiments, the HCT116 cells were lysed as described above using TG lysis buffer. The lysates were incubated with 12 concentrations of ERK inhibitors from 0 to 100 μM for 15 min at r.t. with mild shaking. Same protocol for heating and analysis was applied.

Quantification of pRSK by MSD
-----------------------------

A375 or HCT116 cells were seeded at 1.5 × 10^4^ cells per well into 96-well plates and allowed to recover for 16 h, prior to the addition of compounds (in 0.1% DMSO v/v) and incubation for a further 2 or 7 h. Cells were lysed by adding cell lysis buffer (Cell Signaling Technology, Massachusetts, USA) and incubating at room temperature for 20 minutes. Custom MSD plates (Meso Scale Discovery, Maryland, USA) pre-coated with anti-pRSK antibody (Cell Signaling Technology, Massachusetts, USA) were blocked with kit blocking buffer for 1 hour at room temperature, prior to washing. Equivalent amounts of protein lysate were added to the blocked plates and incubated for 3 hours at room temperature. After washing, plates were incubated for 1 hour at room temperature with sulfo-tag conjugated anti-RSK detection antibodies (R&D Systems, Minneapolis, USA). Plates were washed, and read buffer added before reading the plate on a MESO QuickPlex SQ 120 (Meso Scale Discovery, Maryland, USA). IC~50~ values were calculated using a sigmoidal dose--response equation (Prism GraphPad software, La Jolla, CA, USA).

SPR binding measurements
------------------------

All SPR experiments were carried out on a BIAcore S200 (GE Healthcare) at 25 °C. ERK2 protein with an N-terminal 12His-tag was immobilised on an NTA chip (GE Healthcare) using the capture-coupling method as described by the manufacturer to achieve an immobilisation level of 3000--4000 resonance units (RU). The immobilisation buffer was 50 mM TRIS/HCl, 300 mM NaCl, 5 mM MgCl~2~, 2 mM TCEP, 0.05% (v/v) surfactant P20 at pH 8. Compound binding measurements were performed at a flow rate of 50 μL min^--1^ in the same running buffer used for the immobilisation supplemented with 2% DMSO. GDE-TCO-2 was tested in a in a multi-cycle format (concentration series from 5000 nM, as eight point three-fold serial dilutions). Each concentration was injected for 240 s and the dissociation was monitored for 900 s. The binding kinetics for SCH-TCO were measured in a single-cycle format and the dissociation was monitored for 3600 s. Five concentrations of SCH-TCO, prepared in three-fold serial dilution from 50 nM, were injected for 240 s. Solvent corrected, and background subtracted binding curves were analyzed using the Biacore insight evaluation software following standard procedures and data were fitted to a 1 : 1 binding model.
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